During a hot rolling process, surface defects on strips can severely affect the quality of the rolled product, particularly for two conditions: (1) there are initial defects on continuous casting slabs that propagate and/or are inherited from those on the surface of rolled steels from upstream rolling processes; and (2) there are no initial defects on continuous casting slabs, and they consequently appear on the surface of rolled steels due to improper rolling technologies. In this paper, the authors present a new 3D finite element model coupled with constrained node failure to understand better the initiation and growth of surface defects on strips during the hot rolling process for case 2. The strip deformation processes were simulated for various rolling reduction ratios and friction coefficients between the roll and the strip. The occurrence of surface defects on strips was modeled under some rolling conditions. The plastic strain distribution in strips and the rolling forces were obtained. The risk of occurrence of surface defects on strips increases as the friction between the roll and strip increases for the same reduction ratio.
Introduction
Surface defects of hot rolled steels are potentially serious problems during the rolling process because they might cause mill stoppage and rejection of the rolled materials. With more stringent requirement from customers and worker competition, surface defects have been paid more and more attention. However, there are many influencing factors that might result in surface defects on rolled steels in the following processes [1, 2] . The surface defects might occur for different reasons, but they can be divided into two categories: (1) there are initial defects on continuous casting slabs which propagate and/or are inherited from defects generated by upstream rolling processes [3] and (2) they are caused by improper rolling technologies and/or foreign bodies were rolled in the strip-roll interface. For case 1, we have many methods to avoid, such as cutting the slab edge and cleaning the slab surface, as shown in Fig. 1 . And, some defects might be eliminated through a rolling process. However, for case 2, it will be difficult to avoid. Surface defects have often been found on multiphase steels [4, 5] and high silicon steels [6] whose slabs are of good surface quality before the rolling process.
The finite element method (FEM) has been widely used to analyze evolution of defects in strips during the rolling process [7] . Awais [8] and Son et al. [9] employed the 2D FEM and processing map to analyze the closure and growth of surface cracks on bars in the rolling process. Ervasti et al. [10, 11] simulated the closure and growth of longitudinal and transversal cracks in flat rolling process under a variety of crack sizes, roll radii, and friction coefficients. The authors [12, 13] have also simulated the behavior of transversal and longitudinal cracks on the slab surface during the vertical-horizontal rolling process, and the contact pressure on the cracked surfaces was used to analyze the evolution of cracks. Deng et al.
[14] simulated the closure behavior of inside cracks during a heavy plate rolling process by FEM, and they found that the minimum pass reduction needed for rectangular crack closing was about 13.9 %. Tang et al. [15] used the FEM to simulate the crack propagation in oxide scale under hot rolling conditions for different profile parameters of the oxide scale layer. Simulation results indicated that the larger was the initial profile surface roughness, the larger the crack width remaining after rolling. Yukawa et al. [16, 17] analyzed the deformation of the micro-cracks and the foreign bodies pressing in the rolling process by a 2D rigid-plastic FE code. In this case, the researches on the evolution of surface cracks by 2D thermo-mechanical FEM were carried out. Ghosh et al. [18] predicted the occurrence of edge cracks of aluminum alloys during cold rolling by taking the effective stress, equivalent plastic strain, and void volume fraction as a damage parameter. Xie et al. [19, 20] studied the edge crack propagation during cold rolling of a thin strip using FEM, and the optimum condition to eliminate defects was discussed. They also analyzed the influence of friction conditions on the evolution of edge cracks.
In the above literatures, the researchers generally assumed that the defects appeared on the strips before rolling and the meshing around defects were refined, and then investigated their evolution behavior during the rolling process. These works mainly have provided recommendations regarding removal of surface defects in continuous casting slabs (case 1 above) by analyzing which conditions the small defects will not propagate and/or eliminate. The authors [21] discussed three kinds of mechanisms for elimination of surface cracks during the rolling process. However, it is important to know what conditions the surface defects might appear on strips caused by rolling processes, so we can adjust the rolling technologies to avoid them, which will be valuable for dealing with the surface defects for case 2. 3D FE simulations have been carried out to understand better the crack initiation and growth at the edge of a silicon steel sheet during cold rolling process by Na and Lee [6] , which is attributed to elastic deformation of work roll. The strain-controlled failure model was coupled with finite element method, and a series of FE simulations were carried out while three different roll bending modes were considered. In their models, the elements in the regions where the edge defects might appear should be refined to a certain small size because the failure elements were deleted. The typical failure behavior is caused by increasing the load with a non-uniform strain distribution. If the critical strain is exceeded, the structures will fracture. The strain failure model is widely used in plate, sheet material failure [6, [22] [23] [24] . The critical strains for different steel strip specimens could be obtained by uniaxial loading, etc.
In this paper, the authors present a new type of finite element model using constrained node failure method to simulate the occurrence of surface defects on strips during rolling. Finally, we focus on the influence of friction between the roll and strip on the surface quality of rolled steel for various reduction ratios. The calculated rolling forces by the method were in good agreement with that obtained by traditional FEM.
2 Theories and FE model
Surface defects on rolled strips
There are many surface defects that might appear on rolled strips, such as map/star/pattern cracks, transversal/longitudinal cracks, edge cracks, edge black defects, and scale 
